A new model based on a simple rational function is presented. The model is able to describe the I-V curves of thin-film photovoltaic modules. 
Introduction
During the last years the international market of thin-film photovoltaic (PV) modules has been increasing considerably mainly due to their simple and low-cost manufacturing process. The various thin-film technologies reduce the amount of light absorbing material that is necessary to produce a solar cell. Moreover, thin-film PV panels, which employ lightweight, flexible substrates, are more resistant than crystalline PV modules and very suited to advanced applications such as building-integrated photovoltaics, curtain walls, canopies, acoustic barriers, watercrafts, vehicles and portable electronics. Because thin-film cell materials generally show reduced energy efficiencies as compared to crystalline silicon cells, the accurate modelling of PV modules is of primary concern in order to allow the designer to optimise the system performance and maximise the cost effectiveness of the system.
The simulation of the behaviour of PV modules has been conveniently done by means of nonlinear lumped-parameter equivalent circuits (one and two diode models) whose parameters were determined from experimental current-voltage (I-V) characteristics by means of analytical or numerical extraction techniques. The two-diode model requires the determination of seven parameters, which variously affect the shape of the I-V characteristic. The solution of the seven-parameter equivalent circuit, which is a complex problem, was faced assuming some analytical simplifications. Many authors propose numerical and analytical procedures to calculate the five parameters of the one-diode model. Other authors study some simplified versions of the one-diode based on a set of four parameters. The problem of the identification of the http://dx.doi.org/10.1016/j.apenergy.2015.06.037 0306-2619/Ó 2015 Elsevier Ltd. All rights reserved.
parameters contained in the diode-based equivalent circuits is also tackled exploring the possibility of using alternative procedures such as the Lambert W-function, evolutionary algorithms, Padè approximants, genetic algorithms, cluster analysis, artificial neural networks, harmony search-based algorithms and small perturbations around the operating point. In addition to mathematical models, the numerical simulation offers advantages to the design, performance prediction and comprehension of the fundamental phenomena ruling the operation of devices, such as solar cells, and also permits to investigate the physics of their workings. In the literature of numerical simulators a choice is the wxAMPS software, which is an updated version of the one-dimensional simulation program Analysis of Microelectronic and Photonic Structures (AMPS-1D), which was initially developed by Zhu et al. [1] . wxAMPS is a powerful tool capable of representing the electrical transport and the optical behaviour of the solar cells, and also simulating the response of a solar cell.
In order to describe the electrical behaviour of thin-film PV cells and modules, different models, not based on equivalent circuits, are also proposed. Block et al. [2] developed a new modelling approach for the study of single and tandem pin-solar cells made from amorphous silicon. A one-dimension numerical solar cell simulation program was used by Lee et al. [3, 4] to analyse the operation of CdTe and CIS solar cells. Gloeckler et al. [5] discussed the guidelines that should be considered assigning input parameters for numerical modelling of CIGS and CdTe solar cells. Solving a set of equations relative to electron and hole current densities, Das et al. [6] generated the I-V characteristics of a standard triple-junction amorphous silicon solar cell among different failures scenarios (variations in the thickness of different layers of the cell), comparing them with the normal condition. Numerical simulations were used by Zeman et al. [7] to analyse and optimise the optical and electrical properties of tandem micromorph and triple-junction silicon-based solar cells. Xiao et al. [8] modelled a thin film triple junction solar cell using the APSYS simulator, which is a general-purpose 2D/3D finite element analysis and modelling software for semiconductor devices.
One-diode and two-diode models, which were originally thought to describe the behaviour of mono-crystalline and poly-crystalline silicon PV panels, are also used to model thin-film PV modules. Marten et al. [9] presented an improved equivalent circuit for amorphous silicon solar cells and modules; the model was a single exponential model with a new term taking into account the recombination losses in the intrinsic layer of the device. An accurate and fast method to calculate the efficiency and the fill factor of CIGS and CdTe thin-film solar modules was described by Burgelman and Niemegeers [10] . Stutenbaeumer and Mesfin [11] found that a two-diode equivalent module, which includes the contribution of the diffusion and the recombination currents and the parasitic effects of series and shunt resistance, can simulate the dark I-V characteristics of crystalline, poly-crystalline and amorphous silicon solar cells. Using the one-diode model Brecl et al. [12] studied tandem solar cells consisting of two serially-connected thin-film solar cells under different weather and temperature, daily and seasonal conditions.
A four-parameter equivalent model was used by Xiao et al. [13] to simulate three PV panels made of different materials: CIS thin-film, poly-crystalline and mono-crystalline silicon. Burgelman et al. [14] presented a selection of currently available numerical simulation tools for thin-film solar cells and discussed their possibilities and limitations. The applicability of the one and two diode equivalent models for CIGS thin-film PV devices was analysed by Werner and Prorok [15] for a wide range of irradiance and module temperature values; the two-diode model seemed to give more reliable results than the most commonly used one-diode model. Werner and Zdanowicz [16] experimentally determined the values of the double diode model diffusion and recombination related components of the diode dark saturation current in a thin film CIGS solar cell Shell ST40. By means of linearized one-diode mathematical models, Ahmad et al. [ compared CIGS and conventional silicon cells in terms of their current-voltage characteristics, instantaneous maximum power outputs and energy conversion efficiencies. Janssen et al. [18] proposed a model that takes into account the 2D spatial distribution of the material properties over the surface of a CIGS module; the module was described by a network of one-diode equivalent circuits that are coupled through the conductive contact layers. A one-diode model based on the differential evolution, which is a type of evolutionary algorithms, was used by Ishaque and Salam [19] to simulate the I-V characteristics of different types of multi-crystalline, mono-crystalline and thin-film PV panels. Molina-Garcia et al. [20] proposed to use the three-parameter Gompertz curve to describe the I-V characteristics of CdTe thin-film solar modules. To validate the accuracy of a new two-diode model, six PV modules of different types (multi-crystalline, mono-crystalline and thin-film) were tested by Ishaque et al. [21] ; the performance of the proposed model was evaluated against the popular one-diode model.
Using MATLAB/simulink Gupta et al. [22] simulated an improved two-diode model of PV module; the accuracy of the model was validated by testing various modules of different type (multi-crystalline, mono-crystalline and thin film). Mahmoud et al. [23] proposed a parameterization approach for PV models to improve modelling accuracy and reduce implementation complexity; the effectiveness of the approach was evaluated by comparing the simulation results with the experimental data of mono-crystalline, multi-crystalline, and thin film PV modules. A model based on two subcells equivalent solar cells to predict the maximum power of a lattice matched triple junction solar cell at one sun condition for different spectra and temperatures was described by Ferdández et al. [24] . Siddique et al. [25] presented a methodology to estimate the model parameters for the five-parameter model through an optimization technique using manufacturer supplied data; the methodology was validated with five key points extracted from the I-V characteristics of three crystalline silicon modules and three thin film modules.
In this paper a new model, which is particularly suited to describe the electrical behaviour of thin-film PV modules, is presented. The model bases on a rational function that does not contain any implicit exponential form, which usually is the major obstacle to calculate the parameters of the one-diode equivalent model. The parameters of the proposed model can be easily extracted from the characteristics issued by manufactures using explicit relations. 
Equations for the I-V curves of photovoltaic panels
Different techniques are used to make crystalline and thin-film PV modules. Mono-crystalline and poly-crystalline PV cells are made of wafers sawed from silicon ingots that were obtained by means of a method of crystal growth or from molten silicon, which was carefully cooled and solidified. The material of thin-film PV modules is deposited onto a substrate or onto previously deposited layers, by means of various chemical and/or physical processes. Crystalline and thin-film PV modules show different electrical behaviours. In Fig. 1 the I-V characteristics at SRC of various types of PV modules are depicted; in order to better appreciate the differences between the PV typologies, the normalised values of current i and voltage v are used: open circuit (0, 1) points are different. The values of such derivatives indicate how the electrical behaviour of a PV panel is far from the I-V characteristics of an ideal electrical source. Because ideal current or voltage sources are not affected by internal energy dissipation, their I-V characteristics are straight lines parallel to the voltage axis or the current axis, respectively. Due to the internal series resistance, the right part of the I-V curve of a PV panel slants to the left. Analogously, for the presence of the internal shunt resistance the left part of the I-V characteristic may be not perfectly horizontal. In Fig. 1 the slopes of the I-V curves near the short circuit and open circuit points confirm the fact that the high quality silicon slabs of poly-crystalline and CIGS modules dissipate less energy than the materials used to make amorphous, tandem and triple junction PV panels. The presence of internal dissipation generally reduces both the FF and the energy efficiency of PV panels; actually, the Kyocera KC175GHT-2 and the Soltecture Linion 90 F have values of FF of 0.74 and 0.71, respectively, whereas the corresponding values of the energy efficiency at SRC are 13.7% and 10.87%. However, sometimes it may also happen that a greater value of the FF corresponds to a smaller value of the energy efficiency and vice versa: the amorphous EPV-42 has a FF of 0.60 and an efficiency of 5.3% at SRC, whereas the triple junction Uisolar PVL-128 has a FF of 0.56 and an efficiency of 5.9%.
Crystalline PV cells share with semiconductor electronic devices, such as diodes and transistors, the same processing and manufacturing techniques used to create p-n junctions. Because PV cells are illuminated silicon diodes, Shockley [27] described their I-V characteristic with the equation:
where I L is the photocurrent generated by illumination, I 0 is the reverse saturation current of the diode, q is the electron charge (1.602 Á 10 À19 C), k is the Boltzmann constant (1.381 Á 10 À23 J/K), T is the p-n junction temperature (K) and m, in compliance with the traditional theory of semiconductors, is 1 for the ideal PV cell, and it is increased as it is further from that ideal case (in [28] several calculated values of this parameter can be shown for different technologies). Wolf and Rauscenbach [29] observed that in a PV cell the photocurrent is not generated by only one diode but it is the global effect of the presence of a multitude of flanked diodes that are uniformly distributed throughout the surface that separates the two semiconductor slabs of the p-n junction. For this reason, a PV cell should be described with the equivalent electric circuit depicted in Fig. 2 , which contains a multitude of different lumped elementary components, each one made up of a current generator, a diode and a series resistance.
The elementary diodes are inter-connected by resistors R p and R n , which represent the transverse distributed resistances of p-layer and n-layer, respectively; resistors R c are included to consider the contact resistance between the semiconductor and the fingers, or the back contact. Because such equivalent circuit would be too complex to be used, simplified equivalent circuits, containing only one or two diode, a current generator and two resistors, R s and R sh , were proposed. The one-diode and two-diode equivalent circuits of a PV cell were also used to describe the electrical behaviour of solar modules, as they are composed of PV cells connected 
Table 1
Data for the evaluation of the proposed model parameters. in series and/or parallel. The two-diode equivalent circuit of a PV module is described by the well-known equation:
where following the traditional theory, the photocurrent I L depends on the solar irradiance, the diode saturation currents I 01 and I 02 are affected by the cell temperature, a 1 and a 2 are the diode ideality factors and V T = N s kT/q, in which N s is the number of cells of the panel that are connected in series. The values of R s , R sh , I 01 and I 02 variously affect the I-V characteristic calculated with Eq. (3). The ratio I 02 /I 01 particularly influences the shape of the curve close to the maximum power point [30] . Actually, if I 02 is zero, a sharp ''knee'' is observed; by increasing the value of I 02 /I 01 smoother curves are obtained. Some authors used the two-diode model to simulate the electrical behaviour of thin-film PV panels. Ishaque et al. [21] calculated the I-V characteristics with the following equations:
in which a and b are the thermal coefficients of the short circuit current and of the open circuit voltage, respectively. In order to reach the best match between the proposed model and the practical I-V curve, a 1 = 1, a 2 P 1:2 and p P 2:2 were set. Parameters R s and R sh were obtained assuming that the maximum power point calculated with the model at SRC coincided with the measured maximum power point of the simulated PV panel. To reach the maximum power point matching, the value of R s was iteratively increased while simultaneously calculating the R sh value. Gupta et al. [22] proposed the following form of Eq. (3):
which was obtained ignoring the last term of Eq. (3) and considering the following positions:
Moreover, assuming 
Imposing the maximum power point and the open circuit point conditions, coefficient K 3 and K 2 were calculated from Eq. (8):
It was assumed that
/3.77. The effects of temperature and solar radiation were included by adding to the values of I and V of Eq. (8) the following corrections: Bold values indicate for each model the highest value of maximum current differences between the issued and the calculated I-V characteristics.
in which G and T are the current values of the solar irradiance and cell temperature, respectively. The above models were used to simulate the I-V characteristic of thin-film Shell ST40 PV module. In Considering that the main purpose of electrical models is to allow the most accurate representation of the I-V characteristics of the analysed PV panel, and because the materials of thin-film PV modules are quite different from the doped silicon wafers used to make electronic devices, the use the traditional models based on one or two diodes does not seem mandatory. Actually, different approaches may be explored in order to reach better results with a smaller mathematical complexity. Following this idea, alternative forms to describe the I-V characteristics of PV panels have been proposed by some authors. Akbaba et al. [32] presented a model based on the following equation:
where the coefficient A is the ratio of the open circuit voltage V oc to the short-circuit current I sc of the cell; coefficients B and C are the solutions of the equation system obtained substituting in Eq. (12) the values of voltage and current of two points of the datasheet I-V curves whose currents are around 0.94I sc and 0.68I sc , respectively. The model accurately represents the I-V curves even if, in correspondence of each value of solar irradiance and cell temperature, a new set of A, B and C has to be determined. Ortiz-Rivera et al.
[33] used the following equation to describe the I-V characteristic of a solar panel:
in which I max is the ideal maximum current, defined as the current I for V = À1 at SRC, and 
where i and v are the normalised current and voltage defined in Eq. Bold values indicate for each model the highest value of absolute mean current and power differences.
given solar irradiance and cell temperature was equal to its fill factor at the same conditions of irradiance and cell temperature. For simple design calculations, Karmalkar et al. [38, 39] proposed the following explicit function:
where d and r were extracted using two additional points selected on the I-V characteristic for v = 0.6 and i = 0.6. Following the approach adopted by Akbaba et al., coefficient d and r were calculated by solving the two independent versions of Eq. (15) written in correspondence of such additional points. The model was used to calculate the I-V curves and the fill factor of a number of cells at SRC. Das [40, 1, 41 ] described an explicit model, useful for design, characterisation and simple fill factor calculation, based on the following expression:
in which coefficients f and g are extracted with the relations:
where i a and i b are the normalised current of two additional points on the I-V curve at SRC for which it is v a = 0.8 and v b = 0.9. Das [42] also proposed the equation:
where coefficients h and x can be calculated by means of the values of the derivatives of the current for v = 0 and v = 1, which correspond to the short-circuit and open-circuit points of the I-V characteristic of the solar cell, respectively. The model parameters are valid only for the I-V curve for which were determined; consequently, a new set of parameters has to be calculated in correspondence of different values of solar irradiance and cell temperature. A model, which should be valid both in the positive and negative (dark condition) voltage range, was proposed by Saetre et al. [43] . The model uses the following relations:
where parameters g and n can be determined by solving the two versions of the previous equations written for the values of current and voltage corresponding to the point of maximum power. Because the maximum power point varies with the solar irradiance, constant values model parameters g and n cannot be used.
A new equation for the I-V curves of thin-film PV panels
A new equation for the representation of the I-V characteristics of thin-film PV modules is presented in this paragraph. The relation, which is similar to the equation proposed by Das [42] , is described by the following rational form:
Parameters M, A and N can be calculated from the following positions: 
Eq. (29) is the only limitation on the use of the proposed model. As it is showed in Section 4, because real thin-film PV modules present values of the normalised series resistance much greater than r so,min , Eq. (29) is easily satisfied. Obviously, to draw the I-V characteristics of a PV panel it is necessary to pass from normalised current i and voltage v to real current I and voltage V at SRC:
Moreover, because the model has to be able to represent the I-V characteristics also for conditions different from SRC, it is necessary to generalize Eq. (30) considering the variations of the model parameters with solar irradiance G and cell temperature T. Such a purpose can be adequately achieved using the following equation: (21) and (26) using the following equations in place of Eqs. (24) and (25) in which V oc (G), R sho (G) and R so (G) describe the variation of the open circuit voltage and of the slopes of the I-V characteristics at the extremes of the curves. Coefficient N can be kept constant. If very accurate results are required, the variations of V oc , R sho and R so extracted from the I-V characteristics issued by the manufacturer should be used because they are peculiar to the analysed PV panel. Nevertheless, a good accuracy can be also reached by means of some empirical relations that were found on the basis of the I-V characteristics issued on the Internet by 25 manufacturers for 60 models of thin-film PV panels. Using the data listed in Table A1 of the Appendix, the following relation, which permits to interpolate the values of the open circuit voltage between 200 and 1000 w/m 2 , was defined:
where: An error less than 1% affects the open circuit voltage calculated for 77.6% 73.5% and 94.0%, of the surveyed I-V curves at 400, 600 and 800 W/m 2 , respectively; the root mean square relative errors are 1.05%, 0.93% and 0.52% at 400, 600 and 800 W/m 2 , respectively. In order to define R sho (G) and R so (G), the reciprocal of slopes of the I-V curve in correspondence of the short circuit and open circuit points were extracted from the issued I-V characteristics using the graphical procedure described in [44] . It was found that R sho of thin-film PV panels follows the following relation, which is similar to that one proposed by some authors [45] [46] [47] for the shunt resistance of the one-diode equivalent model:
For R so (G), whose normalised values extracted from the measured characteristics are listed in Table A2 of Appendix, a different approach was necessary. Accurate calculations of R so (G) can be obtained by means of the following equation:
where the values of coefficients C 1 and C 2 , which depend on the thin-film technology, are: In Fig. 7 the distribution of the percentage error due to the use of Eq. (39) 
Application of the model and analysis of the results
With the aim of verifying the effectiveness of the proposed model, a comparison with the Ishaque et al. and the Gupta et al. models was made using the I-V characteristics of various types of thin-film PV panels. The study does not include the CdTe technology because it was impossible to find any I-V characteristic, even though the datasheets issued on the Internet by more than 200 manufacturers of thin-film PV panels were carefully examined. For amorphous and triple junction PV panels, only the I-V curves at T = 25°C were found. The performance data of the analysed thin-film PV modules are listed in Table 1 .
For the sake of precision, the data listed in Table 1 were accurately extracted from the graphs provided by manufacturers. For this reason, some small differences with the data listed in the Appendix may be observed. Table 2 , which lists the values of the parameters evaluated with the proposed model, permits to verify that Eq. (29) is always satisfied by the analysed PV panels. Fig. 8 shows the comparison between the values of V oc (G) extracted from the issued characteristics of the analysed PV panels and the values calculated with Eq. (34) . Fig. 9 shows the comparison between the values of parameter R so extracted from the measured characteristics and the values calculated with Eq. (39) .
In Figs. 10-13 , the I-V curves evaluated with the proposed model and the characteristics calculated with the Das, the Gupta et al. and the Ishaque et al. models are compared with the data issued on the manufacturer's datasheets. To calculate the I-V characteristics with the Das model for conditions different from the SRC, the same procedure to extend the proposed model to any condition was used. It can be observed that for each value of the solar irradiance, or temperature, the curves calculated with the proposed model are very similar to the issued characteristics.
The Das model yields a good representation of the STC performance curves of the Soltecture panels; the lack of the third parameter, which is used by the proposed model in order to contain the maximum power point, does not permit to reach adequate results for the other PV modules. The Gupta et al. model is accurate with the Soltecture panel, whereas it overestimates the current of the Solar Frontier, EPV and Universe Solar panels for values of the voltage greater than the maximum power point voltage. Tables 3  and 4 list the maximum differences of current between the measured and the calculated data.
At a constant temperature of T = 25°C, the maximum differences for current are achieved with the Universe Solar panel. Tables 5 and 6 list the absolute mean differences of current and of power between the measured and the calculated data.
At a constant temperature of T = 25°C, the maximum absolute mean differences for current are achieved with the Universe Solar panel. The maximum absolute mean differences for current are 0. characteristics with an error smaller than the data tolerance usually declared by the manufacturer, which usually is +10/À5% for maximum power at SRC.
Conclusions
A new model suited to thin-film PV modules is described. The model is based on a rational function that does not contain any implicit exponential form and that allows an easy computation of the model parameters. Two of the three parameters of the model are evaluated imposing on both the calculated I-V characteristics and those issued by manufacturers the condition of equality of the curve derivative in the short circuit and open circuit points at SRC. The third parameter is obtained assuming that the calculated I-V characteristic contains the maximum power point of the simulated PV panel at SRC.
The capability of the proposed model to calculate the I-V characteristics was tested by comparing the results with the data , the maximum absolute mean differences are 1.51% and 1.60% of the nominal current and power at the maximum power point, respectively. The results of calculations give account of the reliability of the proposed model. The differences between the calculated and the issued data are always less than the data tolerance usually declared by the manufacturers. 
